Organic molecules have recently gained attention as novel sources of single photons. We present a joint experiment-theory analysis of the temperature-dependent emission spectra, zero-phonon linewidth, and second-order correlation function of light emitted from a single molecule. We observe spectra with a zero-phonon-line together with several additional sharp peaks, broad phonon sidebands, and a strongly temperature dependent homogeneous broadening. Our model includes both localised vibrational modes of the molecule and a thermal phonon bath, which we include non-perturbatively, and is able capture all observed features. For resonant driving we measure Rabi oscillations that become increasingly damped with temperature, which our model naturally reproduces. Our results constitute an essential characterisation of the photon coherence of these promising molecules, paving the way towards their use in future quantum information applications.
Deterministic sources of indistinguishable single photons are a key requirement for many quantum information applications [1, 2] . In recent years single molecules of dibenzoterrylene (DBT) have emerged as a promising platform to develop such a source due to a range of desirable properties such as high photostability, high quantum yield [3] , favourable absorption and emission wavelengths [4] , a high branching ratio to the zero-phonon line (ZPL) and wavelength tunability across their entire inhomogeneous distribution [5] . This last feature in particular is an advantage over other solid state emitters such as quantum dots (QDs) and diamond colour centres [1, 6] , for which it can be difficult to identify two with sufficiently similar emission characteristics on the same sample. DBT can exhibit a lifetime-limited ZPL at cryogenic temperatures (≤ 4 K) [7] without any extensive measures to control the local environment such as optical cavities, plasmonic structures or electrical gating. The most promising environment to house DBT molecules is thin nano-crystals of anthracene [6, 8, 9] . Here they replace three anthracene molecules with little distortion caused to the structure [11] , and are bonded via van der Waal interactions which helps to reduce environment-induced dephasing [7] .
With all solid state emitters it is essential that the temperature dependence and nature of the phonon coupling and associated decoherence effects are well characterised and understood. In QDs, for example, the dominant mechanism is coupling of excitons to a bath of longitudinal acoustic phonons, which leads to a broad incoherent sideband in the emission spectrum, as well as broadening of the ZPL at temperatures above ∼ 10 K [5, 13, 14, [16] [17] [18] . These in turn affect the efficiency and indistinguishability of a QD-based single photon source and must be carefully taken into account when designing photonic cavity structures or filtering systems which aim to maximise source figures of merit [14, 19] .
In this work we present a detailed experimental interrogation of the optical properties of a DBT-anthracene system, and develop a theoretical model which fully captures all observed features, allowing us to uncover the underlying phonon coupling mechanisms. The temperaturedependent spectra shown in Fig. 1(a-b) have a rich structure, with a ZPL, several additional narrow lines, and broad sidebands. We are able to associate these with, respectively, direct photon emission, photon emission accompanied by one excitation of a localised vibrational mode of the molecule, and simultaneous emission of a photon and a phonon into the anthracene crystal. Closer analysis reveals temperature dependent homogeneous broadening of the ZPL, which in our model arises from anharmonicity captured by second order electronphonon coupling terms in our Hamiltonian. These findings have implications for experimental efforts aimed at designing photonic structures to enhance the efficiency and purity of DBT emission [20] [21] [22] [23] [24] . Moreover, the DBTanthracene crystal is an exemplary open quantum system in its own right, and could be used to test fundamental non-equilibrium concepts such as non-Markovianity.
Our experiments were based on a DBT-doped nanocrystal of anthracene, grown using a re-precipitation technique [6] . This was placed in a closed-cycle cryostat incorporated in a confocal microscope shown schematically in Fig. 1(c) . A continuous wave laser was used to excite the DBT molecule to a higher vibrational level of the excited state S 1,n>0 . The molecule then rapidly relaxes to the purely electronic excited state S 1,0 before decaying to the ground state manifold S 0,n . The emitted fluorescence was collected by the confocal microscope and dispersed by a grating onto a CCD camera to measure the spectrum. The excitation laser was also tuned over the S 0,0 ↔ S 1,0 ZPL transition for varying illumination intensity while detecting red-shifted photons from the decay of S 1,0 → S 0,n>0 . By splitting this fluorescence on a arXiv:2001.04365v1 [quant-ph] 13 Jan 2020 beam-splitter and monitoring detection times on the two outputs, we measured the second-order correlation function of the emitted light, allowing us to confirm we were dealing with a single DBT molecule. These measurements were then repeated for temperatures from 4.7 K to 40 K. A more in-depth description of the experimental methods can be found in the Supplementary Information. Inspired by the spectra in Fig. 1 (a-b) our model of a DBT doped anthracene nano-crystal is shown schematically in Fig. 1(d) . It consists of a two-level-system (TLS) with ground and excited states |g and |e split by energy E X , coupled to the electromagnetic (EM) field, harmonic oscillators representing localised vibrational modes of the molecule, and a thermal phonon bath of the anthracene crystal. We treat the TLS and localised vibrational modes within our system degrees of freedom, and thus capture interactions amongst these to all orders. The Hamiltonian of the complete system is
where
, with σ = |g e|. The N localised modes described by annihilation (creation) operators a i (a † i ) and energy splittings ∆ i are coupled to the TLS with strengths η i . The term 
in the phonon displacements, with coupling constants g k and f kk respectively [2, 25] . The linear electron-phonon interaction term describes a displacement of the phonon potential well minima. The quadratic term is a consequence of anharmonicity of the thermal phonon modes, resulting in a change of phonon force constants (diagonal) and Raman scattering processes (off-diagonal) [27] . As we will see, the quadratic interaction is crucial for capturing the temperature dependent homogeneous broadening of the ZPL in the emission spectra [17] The final interaction term H PH−LV I couples the thermal phonon bath to the localized vibrational modes. Full definitions are given in the Supplementary Information.
We now develop a master equation using an extension to the polaron transform approach [3, 14, 29, 30] , in which we here perform two transformations which displace both the thermal phonon bath and local vibrational modes. The first transformation displaces bath phonons dependent on the TLS state, b k → b k + σ † σg k /ω k . This removes the linear TLS-phonon coupling term by moving into a basis which includes the distortion of the anthracene lattice in response to the electronic excitation. This dresses the TLS with phonon degrees of freedom, which when viewed in the original frame, accounts for non-Markovianity between the TLS and the thermal phonon bath. The second transformation acts on the TLS and the localised modes, which similarly removes the (linear) interaction terms, and dresses the TLS degrees of freedom with those of the local vibration modes. We then derive a Born-Markov master equation in the polaron frame [3, 14, 29, 31] , with full details given in the Supplementary Information. In a rotating frame and in the Schrödinger picture, the master equation describing polaron-frame reduced density operator of the TLS and the localised modes is
The first term in Eq. (2) originates from the TLS-EM field interaction and describes spontaneous emission with rate Γ 1 = 1/T 1 where T 1 is the excited state lifetime. We note, however, that it contains the dressed dipole operator
, and as such accounts for simultaneous emission of a photon and excitation of localised modes. The second term describes TLS puredephasing with temperature dependent rate γ(T ) ∝ k,k |f k,k | 2 n(ν k , T )(n(ν k , T ) + 1) which is derived from the quadratic TLS-phonon bath coupling term. The local vibrational mode absorption and decay rates Γ i,± depend on κ, which is proportional to the local vibrationalphonon bath spectral density. This is taken to be of super-Ohmic form J PH−LV (∆) ∝ ∆ 3 /ζ 2 e −∆/ζ , where ζ is the thermal phonon bath cut-off [32] .
The emission spectrum is given by
is the first order correlation function with E(t) the positive frequency component of the electric field operator. Following Refs. [13, 14] , we solve the Heisenberg equations of motion in the polaron frame to find
where E 0 (t) is the free field contribution, assumed to be in the vacuum. We note the second source term contains both TLS and thermal phonon bath degrees of freedom, seen through the appearances of σ a and the phonon bath displacement operator
We can make use of the varying time scales of the phonon relaxation (∼ 1 ps) and photon emission (∼ 1 ns) to factorise the correlation function, finding g (1) 
We find the emission spectrum can therefore be written
describes peaks associated with the ZPL and localised phonon modes, and
describes a broad phonon sideband complementing each peak. A key advantage of working in the polaron frame is that the correlation function g
0 (τ ) can be found using the (Markovian) quantum regression theorem [33, 34] , while non-Markovian interactions necessary to capture phonon sidebands are naturally captured by the phonon bath correlation function G(τ ) in Eq. (4). Furthermore, by writing the spectrum in this way we can immediately see that the Debye-Waller factor (fraction of light not emitted into sidebands) is given by
. Predictions of our model are shown by the black dashed curves in Fig. 1(a-b) . The sharp peak at zero detuning corresponds to the ZPL at 782.32 nm, while the other prominent peaks arise from local vibrations of the DBT molecule excited during the photon emission process [7, 27] . We find that it is necessary to include N = 4 separate DBT vibrational modes to reproduce these features in the spectra. For our model we fit the mode energies ∆ i and coupling constants η i for each temperature and take the averages, resulting in ∆ 1 = (21.55 ± 0.01) meV, ∆ 2 = (28.60 ± 0.01) meV, ∆ 3 = (31.10±0.02) meV and ∆ 4 = (36.31±0.01) meV, while η 1 = (6.98 ± 0.22) meV, η 2 = (6.45 ± 0.16) meV, η 3 = (5.73 ± 0.09) meV, and η 4 = (9.30 ± 0.14) meV.
To achieve good fits we find it is necessary to include only the ground and first excited state for each vibrational mode in our calculations, meaning that higher vibronic transitions contribute little to the observed spectra. The purple curves in Fig. 1(a-b) show the calculated spectra including only the ZPL and local vibrational mode peaks using Eq. (3), while the orange curves show the phonon sideband contribution given in Eq. (4). The shape of the sideband depends on the functional form of the spectral density J PH (ω) which characterises the frequency spectrum of the electron-phonon coupling. We use the super Ohmic form J PH (ω) = α ω 3 exp −ω 2 /ξ 2 , with fitting parameters α, which captures the overall coupling strength, and ξ which provides a high-frequency cut-off to reflect the suppression of coupling to phonons whose wavelength is much smaller than the size of the DBT molecule. This form is similar to that used to capture excitation-induced dephasing and phonon sidebands in semiconductor QDs, and can be derived by approximating the electronic ground and excited states as Gaussian wavefunctions [3, 5, 13, 14, 16, 29] .
The fraction of the emission which goes into the ZPL and local vibrational mode peaks is given by the Debye-Waller factor, which in our theory is equal to the square of the average phonon bath displacement
This is plotted as a function of temperature in Fig. 2(a) , together with the corresponding experimentally extracted values. We see that for this molecule we have a maximum ZPL fraction of 72%. This is lower than expected for DBT and could partially account for the reduction in coupling observed recently for single molecules in open-access microcavities compared to their predictions [20, 24] . However, the observed fraction could also be due to the close proximity of surfaces in the nano-crystal host used in these experiments, and further tests with co-sublimation grown crystals [8] may yield a different result.
Broadening of the emission lines in the spectra is captured by the dissipators in Eq. (2). Of particular interest is the homogeneous broadening of the ZPL with temperature. In our model this broadening follows Γ 2 (T ) = Γ 1 /2 + γ(T ), where γ(T ) is a phonon-induced pure dephasing rate. To investigate this broadening in a way that is not affected by the resolution of the spectrometer, we compare our model to measured resonant line scans of the ZPL for varying excitation power. The results at various temperatures are shown in Fig. 2(b) . The width of the measured Lorentzian lines can be expressed as ∆ν = Γ 2 /π √ 1 + S with saturation parameter S, allowing us to find Γ 2 by extrapolating the width to zero power, S → 0 [7] . The extracted Γ 2 (T ) are shown in Fig. 2(c) , together with the theoretical prediction. The broadening originates from mixing between vibronic states induced by anharmonic effects. This requires the participation of two phonons from the residual bath, and as such necessitates the inclusion of quadratic terms in our Hamiltonian to be captured. Furthermore, the phonon absorption process results in a strong temperature dependence which our model accurately predicts.
To further demonstrate the versatility of our model, we now investigate the time-domain dynamics of the DBT molecule by measuring the second-order intensity correlation function under continuously driven resonant excitation conditions. To do so we introduce an additional driving term H DR = Ω 2 (σ + σ † ) to the system Hamiltonian H S defined in Eq. (1), with Rabi frequency Ω. This results in a slightly modified master equation, the details of which are given in the Supplementary Information. The normalised intensity correlation function is then g (2) 
where averages are calculated in the steady-state, and τ is the time delay between detection events [7] . The calculated g (2) (τ ) and experimental data are shown in Fig. 3 , for temperatures of 4.7 K in (a) and 31 K in (b). This measurement probes the excited state population of the molecule conditioned on being in the ground state at τ = 0. The dip at τ = 0 reflects the strong suppression of multi-photon emission events and is characteristic of a single photon source. At T = 4.7 K Rabi oscillations can be seen, which represent the coherent exchange of excitations from the driving laser to the system. For our calculations we take the molecular parameters extracted from the experimentally measured spectra, with the Rabi frequency Ω as the only additional fitting parameter. Interestingly, the bare Rabi frequency Ω that gives the best fit is not the observed Rabi frequency of the oscillations in Fig. 3(a) . Instead a value of Ω r = Ω B i B i is observed, which accounts for renormalisation of the bare Rabi frequency arising from phonon coupling [4] . At higher temperatures phonon interactions increasingly damp these oscillations, as is the case in Fig. 3(b) . We have presented a joint experiment-theory analysis that comprehensively describes the emission properties of a single DBT molecule encased in an anthracene nano-crystal. The model captures key spectral properties such as the sharp zero-phonon-line, four peaks associated with local vibrational modes of the molecule, and broad phonon sidebands. We also observed a temperature dependent homogeneous broadening of the ZPL, which in our model arises when we include anharmonic effects by taking the electron-phonon interaction to second order in the Hamiltonian. These findings have important consequences for the use of molecules as single photon sources in quantum information applications, as the indistinguishability of emitted photons is strongly affected by the various phonon related features that we identify. Our model constitutes a natural starting point for future work investigating effects associated with the coupling of molecules to photonic structures in the form of optical waveguides [21] [22] [23] and cavities [20, 24, 36] .
We Near the completion of this work we became aware of a similar theoretical study investigating the optics of molecular systems encased in crystals [37] .
Supplementary Information: Phonon-induced optical dephasing in single organic molecules
In this supplement we detail theoretical and experimental information to support the main text.
ELECTRON-PHONON INTERACTION
We begin by defining the electron-phonon interaction Hamiltonian as
where ρ(r) is the electronic charge density of the lattice and V ep (r) is the electron-phonon potential. We expand this potential in powers of small ion displacements Q i from the equilibrium position R
where V ei (r − R i (0) ) is the electron-ion potential. The displacements Q i can be represented in second quantisation as
where b k (b † k ) is the phonon annihilation (creation) operator of mode k with frequency ω k and polarisationξ k [S1]. Substituting Q i into V ep (r) and again into equation (S1) we find the electron-phonon interaction Hamiltonian up to second order [S2, S3]
with the first and second order matrix elements
To calculate dephasing rates in our subsequent master equation we require an analytical form for the linear and quadratic form of the matrix elements. By inserting a resolution of identity and we can re-write the linear and quadratic interaction Hamiltonian as
with the electron-phonon coupling strengths g k = e|M (1) (k)ρ(k)|e and f k,k = 1 2 e|M (2) (k, k )ρ(k + k )|e . The off diagonal matrix elements e|. . .|g , g|. . .|e are neglected as phonon energies are not sufficient to drive transitions between the ground and excited state. We have in addition set the ground state matrix element to zero. Substituting the electron density in reciprocal space, ρ(q) = d 3 r λ,η c † λ c η ψ † λ (r)ψ η (r)e iq·r where λ, η = {e, g}, into the linear and quadratic coupling strengths we find
Substituting in the equation for M (1) (k) and M ( (2) (k, k ) and asuming the electron-ion potential is equal to a constant deformation potential such that, V ei (k) → D α with α = {e, g} we find
where θ kk is the angle between k and k wave vectors.
MASTER EQUATION
To calculate the emission spectra, we initialise the system in its excited state, and use a Born-Markov master equation in the polaron frame to calculate the subsequent dynamics. To calculate the intensity correlation function the master equation is derived using the same methodology, though now including a driving term. Here we present the latter derivation applicable to the driven case, and the non-driven case can be reproduced by setting the Rabi frequency Ω and the laser frequency ω d to zero.
The 
where the terms are all consistent with those that are defined in the main text. The other term differing to the non-driven Hamiltonian is the electromagnetic (EM)-TLS interaction which picks up a phase in the rotating frame H EM
The remaining term independent of driving is the phonon bath-local vibrational interaction H PH−LV
). The final terms H E and H PH−LV I are fully specified in the main text. We now perform two polaron transformations on this driven Hamiltonian. The first of these is defined through 
where H PH I,2 is defined in the main text. The system operators above are
We consider the case of resonant driving such that
is the polaron shifted TLS energy splitting.
We now derive the second order Born-Markov master equation for the polaron frame reduced density operator in the Schröodinger picture ρ(t), which begins from the general form
whereH I (−τ ) = exp[−iH 0 τ / ]H I exp[iH 0 τ / ] is the interaction picture interaction Hamiltonian. The polaron transformed driven Hamiltonian has four interaction terms. We assume that there are no correlations between the phonon and EM environments, and that fluctuations experienced by each of the local vibrational modes are uncorrelated. With these assumptions cross terms between interaction terms vanish and we can evaluate separately four dissipators corresponding to each of the four interactions terms in the Hamiltonian.
Driving dissipator
We begin with the dissipator arising from the driving-induced interaction Hamiltonian H DR I = Ω 2 X ⊗B x + Ω 2 Y ⊗B y . Moving into the interaction picture for the system operators by using a Fourier decomposition we have X(−τ ) = ξ e iξτ X(ξ) and Y (−τ ) = ξ e iξτ Y (ξ). The environment operators in the interaction picture areB x (−τ ) = e −iHEτ / B x e iHEτ / and similarly forB y (−τ ). We define the environment correlation functions as
and substituting in the relevant operators we find the correlation functions
) and C xy (τ ) = C yx (τ ) = 0. We then defining the general environment response functions as
(S18)
Substituting the system operators along with the response functions K xx (ξ) and K yy (ξ) into the Eq. (S16) we find 
Thermal phonon bath dissipator
To evaluate the dissipator arising from coupling to the thermal phonon bath, we write Eq. (S16) instead in the interaction picture:
whereρ S (t) = e iHS,D,Pt/ ρ S (t)e −iHS,D,Pt/ . Working in the interaction picture allows the secular approximation to be made which simplifies the algebra. Transforming H PH−LV P,I into the interaction picture we need to find H PH−LV P,I
where U 0 (−τ ) = e i(HS,P,D+HE)τ / . To proceed we make the approximation
∆ i (20 − 40 meV) for a typical single molecule emitter and using the assumption that local vibrational mode fluctuations are uncorrelated. This leads to the an interaction Hamiltonian which does not depend on the driving:
Now, by writingH PH−LV I,P (t) = j=1,2Ã j (t)B j (t) whereB 1 (t) = q h q d q e −izqt andB 2 (t) =B † 1 (t), we calculate correlation functions according to Eq. (S17), finding
where we have introduced the local vibrational mode-phonon bath spectral density J PH−LV (ν) = q |p q | 2 δ(z q − ν) and the Bose occupancy number n(ν) = (e ν/k B T − 1) −1 . Inserting (S21) and the phonon correlation functions into the interaction picture master equation (S20) we find
where the secular (rotating wave) approximation has been made. Performing the time integrals and neglecting Lambshift terms that we absorb into our definitions (see Eq. S18) we find
When substituting in the super-Ohmic form J PH−LV (∆ i ) ∝ 
, and Γ i,+ = κ i n(∆ i ) and Γ i,− = κ i (n(∆ i ) + 1) with κ i = πJ PH−LV (∆ i ). The remaining two dissipators are represented by the term D x2 [ρ S (t)].
Spontaneous emission dissipator
To find the TLS-EM field dissipator the master equation is evaluated in the Schrödinger picture, see Eq. (S16). We first find the interaction picture interaction HamiltonianH EM P,I (−τ ) = U 0 (−τ ) † H EM P,I U 0 (−τ ), which we writẽ
and C(−τ ) = l p l c l e iω l τ . For the system operators in the interaction picture we have
where we have again used the large difference in energy scales E P ∼ ω d ∼ 1.5 eV compared to Ω B ≈ 10 meV. Similarly to the phonon dissipator, with this approximation this is equivalent to the non-driven electromagnetic dissipator detailed in the main text.
From Eq. (S28), we see the correlation functions for this dissipator have contributions from both the electromagnetic and thermal phonon environments. The electromagnetic environment correlation function is Tr E (CC † (−τ )ρ E ) = 
where A n,m (± η ∆ ) = n,m n| A(± η ∆ ) |m |n m| are the matrix elements of the system displacement operator. The spontaneous emission rate is the real part of the response function, which we find to be
where n,m = E P + ∆(m − n). The spectral density is approximated to be flat over the relevant frequency scales with respect to the molecule emitter, such that G(τ ) → G(0) and J EM ( n,m ) ≈ Γ 1 /π [S4] . InsertingH EM P,I (−τ ), H EM P,I and substituting the emission rate in to the master equation (S16) we then find
where D P D [ρ S (t)] is the pure dephasing is the final dissipator.
Pure dephasing dissipator
The pure dephasing dissipator originates from the quadratic electron-phonon interaction term. In the interaction picture we haveH PH
Inserting H PH I,2 andH PH I,2 (−τ ) into Eq. (S16) we find the dissipator takes the form
where the pure dephasing rate is
The factorisation of the correlation function above has been made based on the assumption that phonons do not scatter into the same mode i.e. k = k [S5] . To evaluate the environment correlation functions we move in to the continuum limit kk
Where we have used the definition δ(x − a) = 1 π Re ∞ 0 dτ e i(x−a)τ and assumed linear dispersion ω k = c|k| where |k| = k and c is the speed of sound in the nano-crystal. Using the delta functions leads to non-zero values of the integral for the case k = k . The coupling constant |f kk | 2 therefore only needs to be evaluated for k = k . Substituting in an isotropic Gaussian function ψ α (r) = (d α √ π) −3/2 e −r 2 /2d 2 α where d α is the confinement potential for the ground and excited states which is assumed to be equal, such that d α → d We then find
where we have written k · k = kk cos θ. Substituting this quadratic coupling constant and converting variables from wavevector magnitude into frequency, as well as defining the phonon cut off frequency ω c = √ 2c/d, we find the pure dephasing rate 
EXPERIMENTAL DETAILS
A DBT containing anthracene nanocrystal solution was grown using a recently developed re-precipitation technique [S6] . 5 µMol of 1 µl DBT in toluene (VWR) solution was added to 10 ml of 5 mMol zone-refined anthracene (Tokyo Chemical Industry UK) in acetone (VWR) solution. 250 µl of this mixed solution was then added to 5 ml of distilled water and sonicated at 37 kHz for 30 minutes. This solution was filtered through a 450 nm pore size syringe filter (Sartorius Minisart) and a 25 µl drop was then pipetted onto a pre-prepared substrate and left to dry through evaporation. The substrate was a silica-on-silicon wafer that had a 150 nm layer of gold deposited on the surface to increase collected emission, with a 220 nm TiO 2 spacer layer to protect against plasmonic losses. A protective 150 nm poly-vinyl alcohol (99 %+ hydrolyzed, Aldrich) polymer layer was then spin-coated on top and the sample was cooled down to 4.7 K in a closed-cycle cryostat (Montana Cryostation). We used a confocal microscope, shown in Fig. S1 , to identify a spatially and spectrally isolated molecule. The same single molecule was used to take all of the data presented here and in the main manuscript. Excitation was performed using a Ti:Sapphire laser (MSquared SolsTIS). The zero-phonon-line wavelength of 782.32 nm was found by scanning the laser wavelength across the transition and recording the red-shifted fluorescence reaching our APD, whilst rejecting the laser and resonant emission light using an 800 nm long-pass filter. A Lorentzian line profile was also fitted to this data to determine the linewidth. This process was carried out with increasing illumination power to measure power broadening and saturation [S7] . Scans at various temperatures for increasing illumination intensity are shown in Fig. S2 . In all cases there is clear power broadening of the linewidth. Low power line scans for the five temperatures investigated are shown in Fig. S3 , with fitted Lorentzian lines.
The second-order correlation function of the emitted light g (2) (τ ) was measured by exciting resonantly and measuring coincidences between red-shifted photons sent to a Hanbury Brown-Twiss interferometer, using two silicon avalanche photodiode (APD) single photon detectors and a timing unit (Picoquant Hydraharp). This allowed us to verify a single molecule was being measured.
The spectrum was measured by tuning the laser to 764 nm and driving the molecule to an excited vibrational level of the excited electronic state. The molecule then undergoes a fast non-radiative decay process to the ground vibrational level of the excited electronic state, from which it decays emitting a photon. The collected light was filtered with a 780 nm long-pass filter to remove the residual pump laser. The remaining fluorescence, both resonant (2) (τ) T = 10 K τ (ns) g (2) (τ) T = 20 K τ (ns) g (2) (τ) T = 31 K τ (ns) g (2) (τ) T = 40 K τ (ns) g (2) (τ) and red-shifted, was sent to our spectrometer (Andor Shamrock 303i) where it was dispersed by a grating and detected on an EMCCD (Andor Newton). A reference spectrum for background subtraction was taken by spatially moving the beam away from the molecule and repeating the process. This series of measurements was repeated across a range of temperatures between 4.7 K and 40 K. Again, to ensure the signal was only originating from a single molecule we measured the second-order correlation function g (2) (τ ) of the light, this time generated via non-resonant excitation for each temperature. The results are shown in Fig. S4 , and confirmed that for all temperatures that g (2) (0) < 0.5. Fits to the data are of the form [S7] g (2) 
where S is the saturation parameter and V is a visibility term accounting for background from the laser or other molecules. Additionally, a pulsed Ti:Sapphire laser (Spectra Physics Tsunami) was used to resonantly excite the molecule and measure its excited state lifetime, and therefore Γ 1 , by monitoring the time difference between the laser pulse and the detection of a photon. Using this method we find a lifetime of 4.31(3) ns, giving Γ 1 = 0.231(2) ns −1 , for the single DBT molecule used throughout this work.
